Acid sphingomyelinase plays a key role in palmitic acid-amplified inflammatory signaling triggered by lipopolysaccharide at low concentrations in macrophages.
LIPOPOLYSACCHARIDE (LPS), a constituent of the outer membrane of gram-negative bacteria, activates Toll-like receptor (TLR) 4 and elicits inflammatory signaling (2) . LPS plays a pivotal role in periodontal disease by inducing a chronic inflammatory response that leads to tissue destruction (40) . Furthermore, studies have documented that LPS-triggered inflammatory signaling is enhanced by hyperglycemia and other diabetes-associated factors (32) , which elucidates a potential mechanism by which diabetes increases the prevalence and severity of periodontal disease (31) .
In recent years, a large number of studies have demonstrated an association between obesity and periodontal disease (4, 5) . However, the mechanisms underlying the association remain largely undetermined. Given that it has been shown that free fatty acids (FAs) are elevated in patients with obesity (3), and saturated FAs are known to increase host inflammatory response (7, 18) , it is plausible to determine how saturated FAs interact with LPS to regulate inflammatory signaling.
LPS is not only present locally in tissues such as periodontium when infection with gram-negative bacteria occurs; it also exists systematically in blood circulation at low concentrations (21) . Interestingly, clinical studies have shown that circulating LPS is increased in patients with obesity (21, 33) , and animal studies have shown that TLR4 deficiency in mice protects against the development of insulin resistance (41) . Taking these clinical and animal findings together, it is indicated that TLR4 signaling triggered by low concentrations of LPS may contribute to the inflammatory state that is essential for developing insulin resistance (50) . However, it remains unclear whether obesity augments inflammatory signaling triggered by low concentration of LPS.
In patients with type 2 diabetes and/or obesity, it has been shown that saturated FAs are associated with chronic lowgrade inflammation and insulin resistance (12, 17) . Furthermore, a recent study reported that dyslipidemia in patients with type 2 diabetes was associated with significantly increased palmitic acid (PA), an abundant FA in plasma, in triglycerides, and the levels of PA in triglycerides correlated with insulin resistance (52) . Based on these reports, we hypothesized that saturated FAs amplify the inflammatory signaling triggered by low concentrations of LPS. In this study, we demonstrated that PA amplified inflammatory signaling triggered by 1 ng/ml LPS in macrophages. To elucidate the underlying mechanisms, we demonstrated that PA and LPS had a synergistic effect on acid sphingomyelinase (ASMase)-mediated sphingomyelin (SM) hydrolysis and a marked increase in ceramide (CER).
CER, a central sphingolipid, is produced mainly through either the SM hydrolysis or de novo synthesis (38) . During the SM hydrolysis, CER is generated by breakdown of SM via the activation of SMase; during the de novo synthesis of CER, CER is generated by condensation of palmitoyl-CoA and time PCR was run in the iCycler real-time detection system (Bio-Rad Laboratories) with a two-step method. The hot-start enzyme was activated (95°C for 3 min), and cDNA was then amplified for 40 cycles consisting of denaturation at 95°C for 10 s and annealing/ extension at 60°C for 45 s. A melt curve assay was then performed (55°C for 1 min, and then temperature was increased by 0.5°C every 10 s) to detect the formation of primer-derived trimmers and dimmers. Mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a control (5= primer sequence, GDDTTCCGTGTTCCTACC; 3= primer sequence, GCCTGCTTCACCACCTTC). Data were analyzed with the iCycler iQ software. The average starting quantity of fluorescence units was used for analysis. Quantification was calculated using the starting quantity of targeted cDNA relative to that of GAPDH cDNA in the same sample.
PCR arrays. First-strand cDNA was synthesized from RNA using the RT 2 First Strand Kit (SuperArray Bioscience, Frederick, MD). Mouse TLR pathway-focused PCR arrays (SuperArray Bioscience) were performed using 2X SuperArray RT 2 quantitative PCR master mix and the first-strand cDNA by following the instructions from the manufacturer.
IL-6 mRNA stability analysis. RAW 264.7 cells were plated in 12-well plates at a density of 0.4 ϫ 10 6 cells/well overnight and treated with 1 ng/ml LPS, 100 M PA, or both for 12 h, followed by addition of 10 g/ml actinomycin D (Sigma-Aldrich, St. Louis, MO). RAW 264.7 cells were harvested 2 h after the addition of actinomycin D, and IL-6 mRNA was quantified using real-time PCR, as described above.
Transfection and luciferase activity assay. RAW 264.7 cells were transiently transfected with p1168huIL6P-lucϩ plasmids (Belgian Co-ordinated Collections of Micro-organisms, Brussels, Belgium) (1 g/10 6 cells) with transfection reagent FuGENE HD (Promega, Madison, WI). Cells were cotransfected with the Renilla luciferase reporter plasmid pRL-TK (Promega) (50 ng/10 6 cells) as an internal control. Twenty-four hours after transfection, the cells were stimulated with 1 ng/ml LPS, 100 M PA, or both LPS and PA. RAW 264.7 cells were also transfected with 1 g of NF-B or activator protein-1 (AP-1) Cignal Reporter (Qiagen, Valencia, CA), using FuGENE HD as transfection reagent, for 24 h. The renilla luciferase constructs were used as control. The cells were then treated with fresh medium containing 1 ng/ml LPS, 100 M PA, or LPS plus PA for 12 or 24 h. After the treatment, the cells were rinsed with cold PBS and lysed with the buffer from the Dual-Luciferase Reporter Assay System (Promega). Both firefly and renilla luciferase levels were measured in a luminometer using the dual-luciferase reporter assay reagents (Promega) according to the instruction from the manufacturer. The firefly luciferase levels were normalized to the renilla luciferase levels.
Immunoblotting. Cytoplasmic and nuclear protein was extracted using NE-PER nuclear and cytoplasmic extraction kit (Pierce, Rockford, IL). The concentration of protein was determined using a protein assay kit (Bio-Rad, Hercules, CA). Thirty micrograms of protein from each sample was electrophoresed in a 10% polyacrylamide gel. After proteins were transferred to a polyvinylidene fluoride membrane, immunoblotting was performed using antibodies against inhibitor of NF-B (IB, 1:1,000; Cell Signaling Technology, Danvers, MA), GAPDH (1:5,000), nuclear NF-B p50 (1:500), and nuclear NF-B p65 (1:1,000; Cell Signaling Technology). The proteins were visualized by incubating the membrane with chemiluminescence reagent (NEN Life Science Products, Boston, MA) for 1 min and exposing the membrane to X-ray films for 1-30 min.
Lipidomics. RAW 264.7 cells were collected, fortified with internal standards, extracted with ethyl acetate-isopropyl alcohol-water (60: 30:10, vol/vol/vol), evaporated to dryness, and reconstituted in 100 l of methanol. Simultaneous electrospray ionization/mass spectrometry/mass spectrometry analyses of sphingoid bases, sphingoid base 1-phosphates, CERs, and SMs were performed on a Thermo Finnigan TSQ 7000 triple quadrupole mass spectrometer operating in a multi-ple-reaction monitoring positive ionization mode. The phosphate contents of the lipid extracts were used to normalize the MS measurements of sphingolipids. The phosphate contents of the lipid extracts were measured with a standard curve analysis and a colorimetric assay of ashed phosphate (53) . ASMase activity assay. RAW 264.7 cells were treated, and cell lysate was then used for ASMase activity assay using an ASMase assay kit (Cayman Chemical, Ann Arbor, MI) according to the manufacturer's instructions.
SPT activity assay. Microsomal SPT activity was assayed in vitro, as described previously (26) . RAW 264.7 cells were pelleted, rinsed in PBS, and resuspended in sonication buffer containing 25 mM Tris, pH 7.4, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 20 g/ml chymotripsin, leupeptin, antipain, and pepstin. Samples were disrupted by probe sonication, using three 10-s pulses, intercolated with incubation on ice. The resulting homogenate was then centrifuged for 5 min at 1,000 g, and the supernatant was subjected to centrifugation at 100,000 g for 1 h. The resulting pellet was resuspended by gentle pipetting in 20 l of 25 mM Tris, pH 7.4, containing 30% glycerol, and protein concentration was measured using the Micro BCA Protein Assay Kit (Thermo-Fisher, Rockford, IL PA for 24 h. ϩ and *P Ͻ 0.01; ϩϩ and **P Ͻ 0.01. B: human monocyte-derived macrophages were treated with 0.1 or 0.5 ng/ml LPS in the absence or presence of 100 M PA for 24 h. After treatment, IL-6 in culture medium was quantified using ELISA. ϩ and *P Ͻ 0.01; ϩϩ and **P Ͻ 0.01. C: RAW 264.7 cells were treated with or without 1 ng/ml LPS in the absence or presence of different concentrations of PA (50 -200 M) for 24 h. After the treatment, IL-6 in culture medium was quantified using ELISA. # and *P Ͻ 0.01; ϩ and *P Ͻ 0.05. D: RAW 264.7 cells were treated with 1 ng/ml LPS in the absence or presence of 100 or 200 M SA for 24 h. After treatment, IL-6 in culture medium was quantified using ELISA. ϩ and *P Ͻ 0.01; # and *P Ͻ 0.01; # and ϩP Ͻ 0.01. E: the effect of bovine serum albumin (BSA)-unconjugated PA (free PA) and BSA-conjugated PA (PA/BSA) on IL-6 secretion induced by LPS. RAW 264.7 cells were treated with 1 ng/ml LPS in the absence or presence of 100 M free or BSA-conjugated PA for 24 h. After treatment, IL-6 in in culture medium was quantified using ELISA. ϩ and *P Ͻ 0.01; ϩϩ and ϩP Ͻ 0.01. F: PA does not augment Toll-like receptor (TLR)2 signaling. RAW 264.7 cells were treated with 1 ng/ml fibroblast-stimulating ligand-1 (FSL-1) (TLR2/6 ligand), pam2CSK4 (TLR2/6 ligand), or pam3CSK4 (TLR2/1 ligand) in the absence or presence of 100 M PA for 24 h. After treatment, IL-6 in culture medium was quantified using ELISA. The presented data (means Ϯ SD) were from 1 of 3 experiments with similar results.
separation was induced by the addition of 1 ml of 0.5 N NH4OH and 0. 
RESULTS
PA amplifies macrophage inflammatory response triggered by low concentrations of LPS. In our first experiment, RAW 264.7 macrophages were treated with low concentrations (0.1-1 ng/ml) of LPS in the absence or presence of 100 M of PA for 24 h, and IL-6 released into culture medium was then quantified. Results showed that the low concentrations of LPS, 0.5 and 1 ng/ml, were capable of stimulating IL-6 secretion (Fig. 1A) . Interestingly, although PA itself had no effect on IL-6 secretion, it amplified LPS-stimulated IL-6 secretion 3.9-fold in response to 0.5 ng/ml LPS and 4.2-fold in response to 1 ng/ml LPS (Fig. 1A) . Human monocyte-derived macrophages were more sensitive to LPS compared with RAW 264.7 cells, and 100 M PA significantly potentiated IL-6 secretion stimulated by 0.1 or 0.5 ng/ml LPS 2.8-and 2.2-fold, respectively, which was less potent compared with RAW 264.7 cells (Fig.  1B) . PA enhanced LPS effect on IL-6 secretion in a concentration-dependent manner, and the enhancement plateaued at 100 M PA (Fig. 1C) . In addition to PA, stearic acid (SA), an 18-carbon saturated FA, also increased LPS-stimulated IL-6 secretion significantly (Fig. 1D) . In contrast, oleic acid (monounsaturated fatty acid), linoleic acid, and docosahexaenoic acid (polyunsaturated fatty acids) did not increase LPS-stimulated IL-6 secretion (data not shown).
To better understand the effect of PA on LPS-triggered inflammatory responses, we profiled gene expression at 24 h in RAW 264.7 cells using a TLR signaling pathway-focused PCR array. The results in Table 1 are striking: In addition to IL-6, PA had a robust synergy with 1 ng/ml LPS on the stimulation of a large number of proinflammatory cytokines, such as tumor PA, palmitic acid; CT, threshold cycle; CSF, colony-stimulating factor; MCP-1, monocyte chemotactic protein-1; COX-2, cyclooxygenase-2; TLR, Toll-like receptor; MD-2, myeloid differentiation factor-2; Irak2, IL-1 receptor-associated kinase 2; TRIF, TIR-domain-containing adapter-inducing IFN␤; C/EBP, CCAAT enhancer-binding protein; PPAR␣, peroxisome proliferator-activated receptor-␣. RAW 264.7 cells were treated with 1 ng/ml LPS, 100 M PA, or both for 24 h. After treatment, cells were harvested and subjected to PCR array study, as described in MATERIALS http://ajpendo.physiology.org/ necrosis factor (TNF)␣, IL-1␣, IL-1␤, colony-stimulating factor (CSF)2, CSF3, and monocyte chemotactic protein (MCP)-1. For example, whereas PA and LPS alone stimulated CSF3 3.3-and 4.6-fold, respectively, the combination of PA and LPS led to a 676.9-fold increase. More importantly, our data showed that PA and LPS also had a synergy on TLR4 signaling pathwayrelated molecules such as myeloid differentiation factor-2, IL-1 receptor-associated kinase 2, and TIR domain-containing, adapter-inducing interferon-␤, suggesting that PA enhances TLR4 signaling.
The augmentation of LPS-stimulated expression of inflammatory molecules by PA was not observed in fibroblasts, adipocytes, or U937 mononuclear cells (data not shown), indicating that the potentiation of LPS-triggered inflammatory signaling by PA is specific for macrophages.
Either free PA or BSA-conjugated PA equally amplifies LPS-stimulated IL-6 secretion. Given that most PA in the circulation is carried by albumin (51), we compared the effects of free PA and BSA-conjugated PA on LPS-stimulated IL-6 secretion. Results showed that although free PA or BSAconjugated PA by itself did not stimulate IL-6 secretion, both amplified LPS-stimulated IL-6 secretion with similar potency (Fig. 1E) , suggesting that the BSA conjugation does not affect the effect of PA on the augmentation of LPS-stimulated IL-6 secretion.
Specificity of PA amplification on TLR4 signaling. Since LPS specifically binds to and activates TLR4, the above studies indicate that PA amplifies TLR4 signaling. To determine whether the amplification by PA is specific for TLR4 signaling, we assessed the effect of PA on TLR2/6 or TLR2/1 signaling. In this study, RAW 264.7 cells were treated with fibroblaststimulating ligand-1 (ligand for TLR2/6), pam2CSK4 (another ligand for TLR2/6), or pam3CSK4 (ligand for TLR2/1) in the absence or presence of PA. Results showed that PA had no effect on IL-6 secretion triggered by TLR2 ligands (Fig. 1F) , indicating that the effect of PA is specific for TLR4 signaling.
PA increases LPS-stimulated IL-6 expression by enhancing IL-6 transcription. It has been shown that IL-6 expression can be regulated at the transcriptional or/and posttranscriptional levels in macrophages (45) . To characterize the regulation of IL-6 expression by PA and LPS, we performed time course studies on both IL-6 protein secretion and IL-6 mRNA expression in response to LPS, PA, or LPS plus PA. As shown in Fig. 2A , PA amplified LPS-stimulated IL-6 secretion fourfold at 12 h. Furthermore, either LPS or LPS in combination with PA induced a rapid IL-6 secretion, and the peak of IL-6 in culture medium induced by LPS and LPS in combination with PA was observed at 8 and 12 h, respectively.
IL-6 mRNA in the same cells was quantified to compare with IL-6 secretion. Results showed that, consistent with the effect on IL-6 protein secretion, the maximal IL-6 mRNA level induced by PA and LPS is six times that induced by LPS alone (Fig. 2B) . Results also showed that either LPS alone or LPS in combination with PA induced a rapid IL-6 mRNA expression at 4 h, which was earlier than the time for the secretion of significant amounts of IL-6 protein. Interestingly, although IL-6 mRNA started declining rapidly in cells treated with LPS alone, it kept increasing for the next 8 h in cells treated with LPS in combination with PA (Fig. 2B) . Comparing the kinetics of IL-6 mRNA expression and protein secretion, it is indicated that PA amplifies LPS-induced IL-6 secretion by enhancing IL-6 transcription.
In addition to the transcriptional regulation of IL-6 expression, it has been reported that IL-6 expression can be also regulated at the posttranscriptional level (45) . Therefore, we were treated with 1 ng/ml LPS, 100 M PA, or both LPS and PA for different times as indicated. At each time point, culture medium was collected and RNA isolated from cells. IL-6 in culture medium (A) and IL-6 mRNA (B) in cells were quantified using ELISA and real-time PCR, respectively. The presented data (means Ϯ SD) were from 1 of 3 experiments with similar results. The lack of bars (SD) on some points is due to the fact that the SD was too small to be shown on the figure. C: the effect of LPS or the combination of LPS and PA on IL-6 mRNA stability. RAW 264.7 cells were treated with 1 ng/ml LPS or 1 ng/ml LPS ϩ 100 M PA for 12 h, followed by addition of 10 g/ml actinomycin D. The cells were harvested 2 h after the addition of actinomycin D, and IL-6 mRNA was quantified using real-time PCR. The data presented (means Ϯ SD) were from 1 of 2 experiments with similar results. ϩ and *P Ͻ 0.01; * and **P Ͼ 0.05. Different symbols represent significantly different values.
determined whether the posttranscriptional regulation was involved in the augmentation of LPS-induced IL-6 expression by PA. In this study, the inhibitory effect of actinomycin D, an inhibitor of transcription, on IL-6 transcription was confirmed by the finding that the treatment of cells with actinomycin D for 2 h reduced LPS-stimulated IL-6 mRNA level by 46% (Fig.  2C) . Furthermore, results showed that in the presence of actinomycin D, no significant difference of IL-6 mRNA level was observed between cells treated with LPS alone or LPS in combination with PA (Fig. 2C ). Taking the above results together, it was indicated that the amplification by PA on LPS-stimulated IL-6 secretion was due to the transcriptional regulation.
The involvement of signaling pathways in IL-6 upregulation by the combination of LPS and PA. It is known that both MAPK pathways (ERK, JNK, and p38 cascades) and the NF-B pathway are involved in LPS-stimulated IL-6 expression in macrophages (8) . Thus, we determined which pathway was involved in IL-6 upregulation by the combination of LPS and PA. In this study, RAW 264.7 macrophages were treated with LPS alone or LPS and PA in the presence of the pharmacological inhibitors of the MAPK and NF-B pathways. Results showed that IL-6 upregulated by LPS alone was inhibited by SP-600125, an inhibitor for the JNK pathway, PD-98059, an inhibitor for ERK pathway (Fig. 3A) , and Bay117082, an inhibitor for NF-B pathway (Fig. 3C) , whereas IL-6 upregulation by LPS and PA was inhibited by SB-203580, an inhibitor for p38 MAPK pathway, SP-600125, PD-98059 (Fig. 3B) , and Bay117082 (Fig. 3D) . These data indicate that although the NF-B pathway is essential for IL-6 upregulation by both LPS alone and the combination of LPS and PA, the p38 MAPK pathway is involved in IL-6 upregulation by the combination of LPS and PA but not by LPS alone.
PA enhances LPS-stimulated NF-B transcript-ional activity. LPS is known to stimulate AP-1 and NFB transcriptional activities via MAPK and NFB pathways, respectively (8) . In this study, we further determined which LPS-induced transcriptional activity, AP-1 or NF-B, was enhanced by PA. In the first experiment, RAW 264.7 macrophages were transfected with luciferase reporter constructs containing the 1,168-bp IL-6 promoter region that has both AP-1 and NF-B binding motifs (49) . After the transfection, cells were treated with LPS, PA, or both, and luciferase activity was then determined. Results showed that LPS stimulated luciferase activity and that PA further enhanced the stimulation (Fig. 3E) . To determine which transcription factor, NF-B or AP-1, is involved in the transcriptional activation by LPS and PA, in the next experiment, RAW 264.7 cells were transfected with the luciferase reporter vectors constructed with either NF-B or AP-1-binding element in the promoter. Results showed that LPS stimulated NF-B activity at 12 h, and PA further enhanced it significantly (Fig. 3F) . In contrast, although LPS stimulated AP-1 activity at both 12 and 24 h, PA did not further enhance it (Fig. 3G) . These findings suggest that whereas LPS activates both NF-B and AP-1, PA selectively enhances LPS-stimulated NF-B transcriptional activity.
To further confirm the action of PA on LPS-stimulated NF-B activation, the effect of PA on LPS-stimulated NF-B nuclear translocation was examined. Immunoblotting showed that whereas both LPS and PA decreased the cytoplasmic p65, a major subunit of NF-B, at 2 h, the combination of LPS and PA further decreased the cytoplasmic p65 (Fig. 3H) . Furthermore, the markedly decreased cytoplasmic p65 in response to LPS plus PA was accompanied by an increase in nuclear p65 (Fig. 3I ). Whereas either LPS or PA alone increased nuclear p65, the combination of LPS and PA further increased it. In contrast, although both LPS and PA increased nuclear p50, the combination of LPS and PA did not further increase nuclear p50, suggesting that p65 is the major target by PA to potentiate the stimulatory effect of LPS on NF-B. Moreover, we also determined the effect of LPS and PA on the inhibitor of NF-B (IB)␣ that has been shown to be degraded by LPS for NF-B activation. Results showed that whereas LPS alone induced only a brief degradation of IB␣ at 20 min, LPS and PA treatment led to a potent and prolonged IB␣ degradation after 20 min (Fig. 3J) .
PA and LPS exert a stimulatory synergy on cellular CER production. Since it has been reported that CER was involved in LPS-stimulated expression of proinflammatory genes (35), we conducted lipidomics to determine the effect of PA and LPS on the levels of different CER species in RAW 264.7 macrophages. Time course studies showed that LPS had an insignificant effect on CER levels, but PA alone increased contents of C16-, C18-, C20-, C22-, and C24-CER in a timedependent manner, and the increase was plateaued at 8 h for C16-, C18-, C20-, and C22-CER (Fig. 4 and Table 2 ). Interestingly, the combination of PA and LPS led to a remarkable increase in CERs compared with PA alone (Fig. 4 and Table 2 ). Furthermore, the increase in C16-, C18-, C20-, and C22-CER in response to PA and LPS plateaued at 12 h (Fig. 4) , which is , an inhibitor for the ERK pathway, for 24 h. The cells were also treated with 1 ng/ml LPS alone (C) and the combination of 1 ng/ml LPS ϩ 100 M PA (D) in the absence or presence of 2.5 or 5 M Bay117085 (Bay), an inhibitor for the NF-B pathway, for 24 h. After treatment, IL-6 in culture medium was quantified using ELISA. ϩ and *P Ͻ 0.01; # and *P Ͻ 0.01; ଙ and *P Ͻ 0.01. E: RAW 264.7 cells were transfected with plasmids (p1168huIL6P-lucϩ) for 24 h. The constitutively expressing renilla luciferase vectors were used as control (Ctl). After the transfection, the cells were treated with 1 ng/ml LPS, 100 M PA, or both LPS and PA for 12 h. ϩ and *P Ͻ 0.01; # and *P Ͻ 0.01. F and G: RAW 264.7 cells were transfected with the DNA vectors constructed with NF-B (F) or activator protein-1 (AP-1)-binding element (G) in the promoter region and firefly luciferase reporter sequence in the presence of FuGENE HD as transfection reagent for 24 h. The constitutively expressing renilla luciferase vectors were used as control. After the transfection, the cells were treated with fresh medium containing 1 ng/ml LPS, 100 M PA, or LPS and PA for 12 or 24 h. The NF-B or AP-1 activity was presented as the ratio of firefly luciferase vs. renilla luciferase activity. The presented data (means Ϯ SD) are from 1 of 2 experiments with similar results. ϩ and *P Ͻ 0.01; # and ϩP Ͻ 0.01; ϩϩ and **P Ͻ 0.1; # and ଙP Ͻ 0.01. H-J: RAW 264.7 cells were treated with 1 ng/ml LPS, 100 M PA, or both LPS and PA for the times as indicated, and cytoplasmic (H) and nuclear protein (I) were isolated and subjected to immunoblotting of p65 and p50. The cytoplasmic protein was also used for immunoblotting of IkB-␣ (J). Histone and GAPDH were used as nuclear and cytoplasmic control, respectively, to ensure loading of equal amount of protein for all samples to gel. The data presented are from 1 of 2 experiments with similar results. well-matched with the time frame for the peak increase of IL-6 mRNA expression (Fig. 2B) .
Composition of CER in cells treated with LPS and PA.
The relative composition of different CER species in cells treated with LPS, PA, or LPS plus PA at 12 h was further analyzed. We selected the time point of 12 h for this analysis since IL-6 expression in response to LPS plus PA peaked at 12 h (Fig.   2B ). Results showed that LPS did not change the composition of CERs, but PA increased the percentage of CERs with shorter carbon chains such as C16-, C18-, C20-, and C22-CER and decreased the percentage of CERs with longer chains such as C24-and C24:1-CER (Fig. 5) . Interestingly, the combination of PA and LPS further increased the percentage of C16-, C18-, C20-, and C22-CER but decreased the percentage of C24-and C24:1-CER (Fig. 5) , suggesting that the CERs with shorter carbon chains, such as C16-, C18-, C20-, and C22-CER, may play an important role in the upregulation of IL-6 expression by LPS and PA.
PA and LPS exert a stimulatory synergy on cellular SM hydrolysis that plays a key role in IL-6 upregulation.
CER is generated mainly by hydrolysis of the membrane SM through the action of SMases. To determine whether SM hydrolysis in The unit of the values is pmol/nmol Pi. CER, ceramide. RAW 264.7 cells were treated with 1 ng/ml LPS, 100 M PA, or both LPS and PA for different times as indicated. After treatment, cells were harvested and subjected to the lipidomic analysis of CERs, as described in MATERIALS AND METHODS. response to LPS, PA, or LPS plus PA contributes to the CER increase described in Fig. 4 and Table 2 , we quantified cellular SMs using lipidomics. Results in Table 3 showed that whereas PA and LPS alone decreased the total SM content by 6.1 and 6.7%, respectively, the combination of PA and LPS reduced total SM levels by 41%, suggesting a synergy of LPS and PA on SM hydrolysis. In analyzing the changes of each SM species in response to LPS, PA, or LPS plus PA, we found that whereas LPS reduced C16-, C18-, C22-, and C24:1-SM, PA reduced C14-, C16-, C24-, and C24:1-SM but increased C18-, C20-, C22-, and C22:1-SM (Table 3) . Interestingly, the combination of LPS and PA further reduced C16-, C24-, and C24:1-SM and partially abolished PA-increased C18-, C20-, and C22-SM (Table 3 ). These data indicate that the increase in C16-, C24-, and C24:1-CER levels in response to LPS plus PA is likely a result of SM hydrolysis since C16-, C24-, and C24:1-SM levels were reduced markedly by LPS plus PA. In contrast, the increase in C18-, C20-, and C22-CER is likely due to the CER de novo synthesis since no significant reduction of C18-, C20-, or C22-SM levels by LPS plus PA was observed.
Since both SM hydrolysis and CER de novo synthesis contribute to CER production, we sought to determine which process plays a major role in the amplification of LPS-stimulated IL-6 by PA. Results showed that imipramine (IMP), an inhibitor of acid ASMase (23), inhibited the stimulatory effect of LPS and LPS plus PA on IL-6 secretion by 50 and 60%, respectively (Fig. 6A) . To confirm that IMP inhibits SM hydrolysis and subsequent CER production, our lipidomic analysis showed that it inhibited total SM hydrolysis and CER production induced by LPS plus PA by 74 (Table 4 ) and 65% (Table 5) , respectively. Taken the above data together, it was strongly indicated that the SM hydrolysis-dependent CER production plays an important role in the synergy by LPS and PA on IL-6 expression.
To further demonstrate the role of ASMase in the amplification of LPS-stimulated IL-6 secretion by PA, we inhibited ASMase expression using an RNA interference approach (Fig.  6B) . Results showed that ASMase knockdown inhibited LPSstimulated IL-6 secretion by 81% and LPS/PA-stimulated IL-6 secretion by 67% (Fig. 6C) .
In contrast, GW-4869, the inhibitor for neutral SMase (43), had no effect on IL-6 secretion induced by LPS or LPS plus PA (data not shown). Results also showed that 10 M myriocin, an inhibitor of SPT (39) , and 250 M of fumonisin B1, an inhibitor of CER synthase (CerS) (39) , inhibited IL-6 secretion augmented by LPS plus PA by 12 and 25%, respectively (Fig.  6, D and E) . Furthermore, results showed that myriocin, fumonisin, and IMP inhibited p65 nuclear translocation induced by LPS and PA (Fig. 6F) , indicating that the inhibition of ceramide production plays an essential role in NF-B activation.
LPS and PA have a cooperative effect on ASMase but not SPT activity. The effect of LPS, PA, or LPS plus PA on ASMase and SPT activity was further determined. Results showed that whereas LPS or PA alone stimulated ASMase activity, the combination of LPS and PA further increased ASMase activity significantly (Fig. 7A) . In contrast, although PA increased SPT activity slightly, LPS did not stimulate SPT activity, and LPS in combination with PA did not further increase SPT activity compared with PA alone (Fig. 7B) .
DISCUSSION
In the present study, we have focused on IL-6 because IL-6 is a key inflammatory cytokine involved in many diseases via its multiple functions (25, 29, 30) . IL-6 increases matrix degradation by stimulating matrix metalloproteinase expression and promotes bone loss by increasing osteoclastogenesis and reducing osteoblast activity (34) . IL-6 is promptly and highly responsive to inflammatory stimuli, as its expression rises rapidly and robustly and reaches the peak in a few hours (1) . Clinical trials have shown that blockade of IL-6 action by the IL-6 receptor-specific monoclonal antibody tocilizumab is highly efficient for controlling not only the symptoms of rheumatoid arthritis but also inflammatory bone loss (11), confirming a critical role for IL-6 in inflammation and inflammation-related diseases.
Our present study showed that although low-level LPS (1 ng/ml) induced a small increase in IL-6 secretion by mouse macrophages, PA augmented this response fourfold. In addition to IL-6, PA augmented LPS-induced expression of a large number of TLR-related genes by an even larger extent (Table  1) . For example, although PA and LPS alone increased mRNA expression of MCP-1, an important chemokine for inflammatory disease (10), 1.5-and 13.0-fold, respectively, the combination of PA and LPS led to a 281.9-fold increase, which is 22-fold of that induced by LPS alone. Similar robust increases were also found for CSF3 and cyclooxygenase (COX)-2, two key inflammatory regulators (22, 44) . More intriguingly, whereas LPS alone did not significantly stimulate TNF␣, IFN␤, or IFN␥ (Ͻ2-fold), LPS in combination with PA markedly increased their expression by 8.3-, 11.3-, and 13.0-fold, respectively ( Table 1) . All of these data demonstrated clearly that PA is a potent amplifier for TLR4 signaling triggered by low-level LPS in macrophages.
Our data showed that, in the absence of LPS, PA alone was unable to stimulate IL-6 secretion despite its stimulated ASMase activity and increased CER production. This observation confirmed that PA did not engage TLR4. Furthermore, this observation along with the finding that PA increased CER production (Fig. 4) indicates that the level of the increase in CER The unit of the values is pmol/nmol Pi. SM, sphingomyelin. RAW 264.7 cells were treated with 1 ng/ml LPS, 100 M PA, or both LPS and PA for 12 h. After treatment, cells were harvested and subjected to the lipidomic analysis of SM, as described in MATERIALS AND METHODS. production induced by PA alone is not sufficient to trigger signaling activation for IL-6 upregulation. It is likely that only when PA is combined with LPS in treatment, the CER production could reach to a threshold level necessary for NF-B signaling activation, leading to IL-6 upregulaton.
Given that the content of PA in triglycerides is increased in patients with type 2 diabetes (52) and that TLR4 signal plays a crucial role in periodontal disease and other complications of type 2 diabetes, our current study has revealed a potential mechanism that may explain why periodontal disease is linked The unit of the values is pmol/nmol Pi. IMP, imipramine. RAW264.7 cells were treated with 1 ng/ml LPS, 100 M PA, or both LPS and PA in the presence or absence of 50 M IMP for 12 h. After treatment, cells were harvested and subjected to the lipidomic analysis of SM, as described in MATERIALS AND METHODS.
to dyslipidemia (4) and why intake of saturated fatty acids in patients with diabetes and metabolic disorders is associated with a chronic low-grade inflammation and development of insulin resistance (12, 27) . The findings indicate that when accompanied by PA, LPS at low concentrations is capable of eliciting a strong inflammatory response in macrophages that play a key role in tissue inflammations and diabetic complications.
To understand how PA and LPS have a synergy on IL-6 expression, we focused on CER since it is known that uptake of PA increases cellular level of palmitoyl-CoA and subsequent CER production (13, 28) , and increased CER level enhances LPS signaling (47) . The findings from the present study have provided the following evidence that CER plays a crucial role in the augmentation of LPS-stimulated IL-6 expression by PA. First, our results showed that PA and LPS exerted a similar synergy on both IL-6 expression and CER production and a similar kinetics on both IL-6 expression and CER production (Figs. 2 and 4) . Second, our results showed that blocking CER production by inhibitors of ASMase SPT and CerS significantly inhibited IL-6 expression (Fig. 6, A, D , and E). Third, the relationship between CER production and IL-6 expression was demonstrated further by the studies showing that IMP inhibited the synergy of PA and LPS on both CER production and IL-6 expression (Table 4 and Fig. 6A ). All of these results indicate that the synergistic effect of PA and LPS on IL-6 upregulation is CER dependent.
Since it is known that PA increases CER de novo synthesis (13), whereas LPS stimulates SM hydrolysis that leads to CER production (9), we determined which mechanism plays a major role in IL-6 upregulation by PA and LPS. Our studies showed that the inhibition of ASMase with the pharmacological inhibitor and RNA interference inhibited LPS/PA-stimulated IL-6 secretion by 60 and 67%, respectively, whereas inhibition of de novo CER synthesis led to a 30% reduction of IL-6 upregulation, suggesting that although both ASMase-mediated SM hydrolysis and de novo CER synthesis are involved in the upregulation of IL-6 by LPS and PA, the former is the major mechanism. Furthermore, our study showed that LPS and PA had a synergistic effect on ASMase activity but not SPT activity (Fig. 7) . Since the reaction catalyzed by SPT is a key step in the de novo biosynthesis of CERs (20, 24) , this finding is consistent with the results from the inhibition studies (Fig.  6 ), indicating that ASMase-mediated SM hydrolysis, but not the CER de novo synthesis pathway, plays a major role in IL-6 upregulation by LPS and PA. A recent study by Chang et al. (6) showed that LPS upregulated mRNA expression of Sptlc2, a subunit of SPT, and protein level in RAW 264.7 cells. Another recent study by Schilling et al. (46) also demonstrated that PA and LPS synergistically induce de novo CER biosynthesis in mouse peritoneal macrophages. It is possible that the higher concentrations of LPS (1 and 50 ng/ml, respectively, applied in these 2 studies) may exert more impact with PA on the de novo CER biosynthesis, whereas the lower concentration of LPS (1 ng/ml) used in our current study and PA may influence more on SM hydrolysis. In supporting this notion, the studies by Chang et al. (6) and Memon et al. (37) have shown the concentrationdependent effect of LPS on the expression and activity of SPT The unit of the values is pmol/nmol Pi. RAW 264.7 cells were treated with 1 ng/ml LPS, 100 M PA, or both LPS and PA in the presence or absence of 50 M IMP for 12 h. After treatment, cells were harvested and subjected to the lipidomic analysis of CERs, as described in MATERIALS AND METHODS. that catalyzes the condensation of palmitate and serine to form 3-keto-dihydrosphingosine, a rate-limiting step in the CER de novo synthesis. ASMase hydrolyzes SM to CER and phosphocholine and is located mainly in the endosomal/lysosomal compartments (38, 54) . ASMase is not only important for sphingolipid homeostasis but is also involved in the cellular response to inflammatory mediators, as studies have shown that ASMase deficiency in mice is protective against the detrimental effects of LPS (19) , TNF␣ (14) , and CD95 (15) . Further studies have shown that ASMase is regulated by LPS, TNF␣, IL-1␤, CD95, and ␥-irradiation (54) . Thus, it is likely that ASMase plays an important role in the pathogenesis of inflammation-related diseases. In line with these findings, our present study further demonstrated that ASMase was subjected to the regulation by not only LPS but also PA and mediated the stimulatory actions of LPS and PA on the expression of IL-6 and other genes important for the inflammatory response.
Another interesting finding from the present study is that LPS, PA, and the combination of LPS and PA exert different effects on SM hydrolysis and CER production. Results showed that LPS alone only slightly decreased the total SM by 7% (Tables 3) and increased CER production by 3% of control at 12 h (Table 2) . Interestingly, although these data indicate that 1 ng/ml LPS alone has a very mild effect on the SM hydrolysis and CER production, results showed that IMP inhibited LPSstimulated IL-6 secretion by 50% (Fig. 6A ) and that ASMase knockdown by siRNA inhibited LPS-stimulated IL-6 secretion by 81% (Fig. 6C) , suggesting that although the ASMasemediated SM hydrolysis induced by LPS is moderate, it affects LPS-triggered inflammatory signaling considerably. Table 3 showed that whereas LPS slightly reduced nearly all SM such as C16-, C18-, C22-, and C24:1-SM, PA selectively reduced C16-, C24-, and C24:1-SM but increased C18-, C20-, and C22-SM. Interestingly, Table 2 showed that PA increased not only C16-, C24-, and C24:1-CER but also C18-, C20-, and C22-CER at 12 h. Taken these data together, it is suggested that PA may increase the de novo synthesis of C18-, C20-, and C-22-CER and that the increase in these CERs leads to the increase in SM biosynthesis. Clearly, PA exerts its actions on both SM and CER metabolism, resulting in different effects on various SM or CER species. Table 3 also showed that the combination of PA and LPS further enhanced PA-induced hydrolysis of C16-, C24-, and C24:1-SM but abolished PA-induced synthesis of C18-, C20-, and C22-SM, suggesting that the combination of PA and LPS enhances SM hydrolysis. To confirm that the ASMase was the major player for the action of the combination of PA and LPS, results showed that IMP treatment reversed the inhibitory effect of the combination of PA and LPS on the total SM level by 74% (Table 4) , and IMP treatment reduced the stimulatory effect of the combination of PA and LPS on the total CER level by 65% (Table 5) .
Taking all the results together, we proposed the mechanism whereby PA amplifies LPS signaling (Fig. 8); i.e., low concentration (1 ng/ml) of LPS initiates TLR4-mediated signals, including NF-B cascade, leading to IL-6 upregulation. TLR4 activation by the low concentration of LPS also increases ASMase-mediated SM hydrolysis that enhances NF-B-dependent IL-6 expression. PA has a synergy with LPS in the stimulation of ASMase, which induces a robust SM hydrolysis and subsequent CER production. On the other hand, PA increases CER production through the de novo synthesis pathway, which further increases cellular CER level. The markedly increased CER level enhances LPS-stimulated NF-B signal and amplifies LPS-triggered upregulation of proinflammatory cytokines, including IL-6 in macrophages.
